Introduction
New perspectives in cognitive 1, 2 and clinical 3,4 neuroscience have been opened up with the recent discovery of mismatch negativity (MMN), 5 an auditory event-related brain potential (ERP) elicited by infrequent deviant sounds occurring in a sequence of repeated tones. 1 The MMN appears as a negative displacement on the ERP to deviant sounds relative to that to standard sounds, with a peak latency between 100 and 200 ms from stimulus onset. MMN is generated in the supratemporal auditory cortex, 6 apparently as the output of an automatic stimulus change-detector system, which compares each new auditory input with a neural trace of the previous standard stimuli developed and maintained in the auditory sensory (echoic) memory. [7] [8] [9] The use of MMN for sensory memory evaluation purposes is based on studies which, in healthy adult subjects, have shown that MMN is no longer elicited when the interval between the stimuli delivered to the subject exceeds a certain limit, [10] [11] [12] for instance about 10 s, 13 reflecting the decay of the sensory memory trace. 1, 9 The auditory sensory memory trace duration indexed by MMN seems to be age-related, as it is shorter in elderly people. 14 Decay of the memory trace might also be faster in patients with Alzheimer's disease than in normal subjects. 15 The clinical and pathophysiological relevance of MMN-related sensory memory studies is also confirmed by the selective suppression of MMN by MK-801, 16 a blocker of the NMDA receptors to glutamate, which are involved in long-term potentiation and in synaptic processes of memory and learning. 17 In studies of sensory memory duration using the conventional paradigm to obtain the MMN, both standard and deviant stimuli are presented at a constant inter-stimulus interval (ISI), which coincides with the duration of the memory probe interval (MPI) under examination. 10, 12, 13, 15 Thus, if various long ISIs need to be tested, as is the case when obtaining an ISI-MMN amplitude function, sessions can last up to several hours, involving various daily sessions over several days. 13 The major disadvantages arising from the excessive duration of this test are a considerable outlay in time required for apparatus and personnel, 13 boredom and fatigue of the subjects under study, which can affect the quality of the signal recorded, 1, 18 and potential difficulties in recording with children and patients who do not easily tolerate long sessions without moving. For these reasons, a reduction in the length of auditory sensory memory testing based on MMN recordings is highly desirable.
We here propose a new, faster paradigm for eliciting the MMN based on a development of the logic underlying MMN theory 1 . According to this theory, the purpose of repeating the information conveyed by standard tones in a paradigm for eliciting MMN is that of mutual interaction for developing a 1111  2  3  4  5  6  7  8  9  10111  1  2  3  4  5  6  7  8  9  20111  1  2  3  4  5  6  7  8  9  30111  1  2  3  4  5  6  7  8  9  40111  1  2  3  4  5  6  7  8  9  50111  1  2  3  4  5 neural memory trace. The rationale of the new MMN paradigm is that keeping the same distance between standard-standard as between standard and deviant tones, as is habitual in the conventional MMN paradigm, is not necessary for the interaction between the standard stimulus features leading to the development of a neural sensory memory trace. Therefore, we hypothesize that a useful sensory memory trace can also be achieved by collapsing the standard stimuli in trains of stimuli delivered in a very short time. Thus, the new faster MMN paradigm is based on the use of trains of stimuli that were delivered at a very short ISI (300 ms) to develop the sensory memory trace in the shortest possible time. The inter-train interval is chosen in each stimulus-block in accordance with the duration of the MPI under examination. The new MMN paradigm may be of interest for auditory sensory memory testing because it reduces the recording time by about two-thirds.
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Materials and Methods
Ten healthy, paid university students (19-24 years old, mean age 21.0 years, seven female) took part in the experiment. Each subject gave their informed written consent. Experiments were conducted in an electrically shielded and sound-proofed room.
Stimuli were pure sine-wave tones of 700 Hz generated with a Stim unit (NeuroScan Inc., USA). The standard and deviant tones lasted 75 ms and 25 ms, respectively, including 5 ms rise and fall times. Tones were delivered through headphones, binaurally, at an intensity of 85 dB SPL. While sitting in a comfortable armchair, each subject underwent four different conditions in a single experimental session. Subjects were instructed to perform a visual irrelevant task, to ignore the auditory stimuli, and to avoid extra eye movements and blinking during the recording sessions. In two of the conditions, a conventional oddball paradigm to elicit the MMN was used, in which standard (p = 0.84) and deviant (p = 0.16) tones were presented at a constant ISI of 0.4 and 4.0 s, respectively, in separate blocks. In the other two conditions, the new faster paradigm to obtain the MMN was used (Fig. 1 ). This paradigm was based on sequences of three-tone trains, each starting on a random basis, either with a deviant (p = 0.5; n = 200) or standard (p = 0.5; n = 200) tone, and followed by two standard tones. The intra-train ISI (onset-to-onset) was 300 ms. The inter-train interval coincided with the MPIs tested, which were 0.4 and 4.0 s, in separate blocks. Overall probability and stimulus sequences were the same for both the new and conventional procedures. The session was divided into 14 separate blocks, each of which lasted 7-10 min. Each of these blocks was fully dedicated to testing one condition, and the four conditions were tested in counterbalanced order between subjects. There were short breaks between consecutive blocks.
C. Grau et al. The EEG was recorded from standard 10/20 electrode locations at Fp1, Fp2, Fz, F3, F4, Cz, C3, C4, and from the left and right mastoids, referred to the tip of the nose. Horizontal EOG was monitored from an electrode attached to the outer canthus of the left eye, and the Fp1 and Fp2 electrodes served for vertical eye movement and blinks control. EEG and EOG were continuously sampled at 500 Hz, and stored on computer for off-line analysis. Epochs with EOG or EEG exceeding ± 100 V were automatically excluded from averaging. Only those trials starting a three-tone train in the new paradigm, and those which corresponded in position in the conventional procedure, were selected for averaging. Averaged responses to deviant tones and standard tones were obtained separately for each subject, paradigm (conventional or new), and MPI under examination (0.4 or 4.0 s). After averaging, responses were digitally band-pass filtered between 0.1 and 30 Hz. Responses were re-referenced to right-mastoid electrode. The epoch was 400 ms, including 100 ms as the pre-stimulus baseline. ERP and difference-wave amplitudes were measured in relation to the mean voltage during this baseline period. The N1 was identified as the most prominent negativity occurring between 70 and 120 ms, separately for each subject and condition in the ERPs to standard tones at Cz.
To determine whether a MMN response was elicited to deviant tones, the average amplitude of the 100-200 ms interval of standard and deviant ERPs at Fz was compared, by ANOVA, separately for each of the four conditions. Difference waves were obtained for each subject and condition by subtracting the standard ERP tones from the deviant ones. MMN was identified as the largest negative peak of the difference wave in the 100-200 ms interval at Fz, and P3a as the most prominent positive deflection in the 200-300 ms interval. MMN and P3a peak amplitudes and latencies were computed for each subject and condition. In addition, MMN was measured in each subject as the mean amplitude of difference waves in the 100-200 ms interval and compared between the four conditions. Statistical comparisons were carried out with ANOVA for repeated measures, considering the two paradigms for eliciting the MMN (the conventional and the new faster one) and the two MPIs (0.4 and 4.0 s) as factors.
In an additional experiment, a group of nine healthy older male subjects (between 40 and 57 years old, mean age 48.1 years) were explored with the new MMN paradigm at two MPIs of 0.4 and 5.0 s. All experimental conditions and data analysis were the same as described above, except that the number of deviant stimuli delivered to the subjects were n = 400 in the 0.4 s condition and n = 200 in the 5.0 s condition.
Results
In the four conditions under study, the ERP elicited by deviant tones, when compared at Fz with that elicited by standard tones, displayed a significant negative displacement (F(1,9) , ranging from 38.87 to 6.78, p < 0.03 in all cases) in the characteristic MMN latency range of 100-200 ms from stimulus onset (Fig. 2) . MMN peak latency and amplitude were similar in the four conditions (Table 1, Fig. 2 ). ANOVA showed no significant differences or interactions in these MMN parameters as a function of paradigm (conventional or new), or as a function of the MPI (0.4 or 4.0 s). When the mean amplitudes of the difference wave in the 100-200 ms latency window were compared by ANOVA, including the paradigm (conventional or new) and the MPI (0.4 or 4.0 s) as factors, there were no significant differences or interactions at any of the electrodes studied (Fig. 2) .
The peak amplitude of the P3a wave was smaller in the long 4.0 s condition than in the short 0. 4 condition, for both the conventional and new paradigms (F(1,9) = 15.28, p < 0.004; F(1,9) = 11.74, p < 0.008, respectively). P3a peak latency did not show significant differences for paradigm or MPI. N1 latency in the ERP to standard tones was similar in all conditions (Table 1) . As expected, N1 amplitude was larger for long than short ISIs, in both the conventional and new procedures (F(1,9) = 74.95, p < 0.0001; F(1,9) = 62.94, p < 0.0001, respectively). For the MPI of 4.0 s, N1 amplitude was significantly larger in the conventional than in the new paradigm (F(1,9) = 13.98, p < 0.005).
In the additional experiment, a significant MMN at the 100-200 ms interval in the 0.4 s condition was elicited (F(1,8) = 28.43; p < 0.0005), with a mean amplitude of -1.3 ± 0.7 V at Fz. However, when the MPI was increased to 5.0 s, the MMN could not be identified, as the mean amplitude of the deviant-standard difference wave in the 100-200 ms interval was 0.3 ± 1.2 V, this being significantly smaller than in the 0.4 s condition (F(1,8) = 30.31, p < 0.0006).
Discussion
Both the conventional and the new faster paradigms lead to identical MMN waveforms. This supports the new paradigm as an accurate and reliable way of eliciting the MMN. In our experiments with the long ISI, the same standard tones were regularly spaced at 4.0 s in the conventional paradigm, and most of them were presented at a short ISI of 0.3 s in the new paradigm (Fig. 1) . In spite of this large difference in the ISI between standard tones, identical MMN were obtained by both the conventional and the new faster paradigm (Table 1; Fig. 2 ). These findings demonstrate that a useful neural memory trace was developed for closed as well as for far delivered standard tones, and confirm that an oddball paradigm strategy with constant ISI is not necessary in order to elicit MMN, consistent with other recent studies that have obtained MMN by using trains of stimuli. 11, 19 One of the reasons for using a constant ISI in the conventional MMN paradigm is that both standard and deviant stimuli need to be separated from previous stimuli by the same ISI to avoid confounding effects on the ERPs they elicit due to differential contributions from obligatory components. 1 In the present experiment, ERPs to standard and deviant tones were recorded only to those stimuli sharing a common ISI from the preceding stimulus (Fig. 1) , providing an adequate comparison basis for the isolation of the MMN in the difference wave.
Our findings show that in young subjects, whether the MPI was 0.4 or 4.0 s, MMN was similar. This C. Grau et al. equivalence is confirmed with both the conventional and new paradigms. This result is consistent with findings from previous studies, which report that, among the general young healthy population, the trace of auditory sensory memory, identified by the maintenance of MMN amplitude, lasts for at least several seconds. 10, 12, 13, 15 In the additional experiment performed in an older population with the new paradigm, MMN response was no longer elicited when the MPI was prolonged from 0.4 to 5.0 s. This finding is in accordance with previous age-related MMN studies carried out with the conventional MMN paradigm 20 and proves the new paradigm as a useful tool for exploring the auditory sensory memory decay.
The concepts that support the new MMN paradigm also lead to the separate study of some early stages of the processing and storage of auditory sensory information in the brain. Our results suggest that the development and the decay of the auditory sensory memory trace indexed by MMN may be studied as independent processes. The flexibility introduced in stimulus delivery with the new MMN paradigm allows one to explore the rules of the stability/decay of the trace when established by manipulating the MPI, but it could also be used for analysing the rules of interaction between standard stimuli in order to develop a sensory memory trace. For example, trace building processes may be explored by manipulating the ISIs between standard tones, while maintaining constant the interval between a deviant stimulus and the preceding standard stimulus. In this line of reasoning, MMN appears as the final common expression of various previous mechanisms, which could be partially explored separately by manipulations of different parameters of the new MMN paradigm. This leads to speculation about differential physiological bases for each of these mechanisms, and in the case of their selective impairment in a particular cerebral disease, may allow exploration of the related pathophysiology.
The new paradigm will need to be tested in a broad range of stimulation conditions. Also, whether the suppression of MMN by long ISIs is parallel to the new or the conventional paradigm will have to be determined. If the two paradigms give different results for the duration of the sensory memory trace, the new one is preferable because the trace of the standard tones is developed in a more stable way across different MPIs. The trace development seems to be critically dependent on the distance between the few standard tones that precede deviant tones. 11 In the conventional paradigm this distance varies according to the length of the MPI under study, whereas in the new paradigm a fixed train of standard stimuli is delivered before every deviant stimulus.
In practice, the main advantage of the proposed paradigm is the shortening of the recording time. The new paradigm can save time over the conventional one for ISIs/MPIs > 300 ms. At ISIs/MPIs of у 4.0 s the new paradigm approaches a two-thirds time-saving over the conventional procedure. For example, in the present study, for the ISI/MPI of 4.0 s the test lasted 80 min with the conventional paradigm but only 30 min with the new procedure, a time reduction in this case of 62.5%.
The new procedure can also be used in routine MMN testing with shorter ISIs: if ISIs of about one second are used, the sessions are approximately halved in duration; alternatively, instead of shortening the recording time, the number of deviant trials may be doubled in a session of the same length, a condition that has been reiteratively requested, in order to improve the signal-to-noise ratio for reliable MMN recordings.
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Conclusion
The present data show that identical MMN waveforms can be obtained in young subjects with both the conventional and a new faster paradigm at two MPIs (0.4 and 4.0 s), which demonstrates that reliable MMN can be elicited with the new paradigm at short and long ISIs. A suppression in MMN was obtained with the new paradigm for a MPI of 5.0 s in a sample of older subjects, confirming that the new paradigm is a useful tool for exploring auditory sensory memory decay. The new paradigm can obtain the MMN in one-third the time of the conventional paradigm when testing MMN at long ISIs/MPIs.
